ABSTRACT An energy management control strategy is proposed for an islanded AC microgrid with the hybrid energy storage system, including the battery and the supercapacitor (SC). According to the state of charge of the battery, the photovoltaic system can work in either maximum power point tracking mode or load power tracking mode to prevent the battery from over charging. Similarly, the load shedding control is adopted to prevent the battery from over discharging. A virtual impedance control strategy is proposed to achieve effective power sharing in hybrid energy storage systems, where the battery provides steady state power and the SC only supports transient power fluctuations. The terminal voltage of the SC can be restored to the initial value automatically by introducing a high-pass filter in the voltage control loop. The AC bus voltage remains constant using the voltage secondary controller to compensate the voltage drop caused by the virtual impedance control strategy. The simulation results under typical working conditions verify the correctness and effectiveness of the proposed control strategy.
I. INTRODUCTION
With the growing concerns about the renewable energy, the microgrid concept has been developed as one of the solutions to high penetration of the renewable energy sources. The microgrid is a key technology for integration of distributed energy resources, energy storage systems and loads [1] , [2] . Microgrid can operate in either grid-connected mode or islanded mode. Unlike the grid-connected mode which has utility grid unlimited power support, for island mode, the key issue is how to properly coordinate all the distributed units and maintain the voltage and frequency stability. Therefore, energy management and coordinated control strategies for multi-terminal system are required for ensuring reliable operation of the islanded microgrid [3] , [4] . Solar energy has emerged as the main form of renewable energy owing to its clean, inexhaustible characteristics, and PV generation has been widely used in microgrid [5] . However, due to the intermittent nature of PV power, the energy storage system (ESS) becomes an indispensable element to keep the power balance and voltage/frequency stability in the islanded microgrid system [6] - [8] . Therefore, the PV/storage microgrid has received extensive attention of the researchers, and power management strategies have been developed for islanded microgrid including PV and battery [6] - [9] . In [6] and [7] , a power control algorithm used frequency level is proposed. In [8] , PV/battery hybrid unit is controlled based on an adaptive droop method. In [9] , a coordinated strategy is propose by integrating the V/f (or PQ) control, MPPT control and energy storage control, when the battery SOC reaches its lower boundary, a diesel generator is introduced to maintain the power and frequency balance of the system. Although some methods of coordinate control between PV and battery have been developed, the instantaneous power fluctuations are only supported by the battery when the system is subjected to sudden changes in load or source power. This is because, the battery energy storage system (BESS) is suitable for handling slower power variation based on its power characteristic limitation. Rapid power fluctuations will increase transient stress in the battery, which affects battery life [10] . In order to solve the above problem, it is necessary to use a combinations of different energy storage systems. A hybrid energy storage system (HESS) consisting of battery and SC is one of the popular combination modes to meet the high power and high energy density requirements of in microgrid system [11] - [13] .
The power sharing between the battery and SC is a key issue. In [14] - [17] , The high and low frequency components of power are divided by the low pass filter(LPF). However a phase lag exists in LPF, which destroys system stability. In [18] and [19] , the average and fluctuating power of HESS are separated by a moving average filter. An adaptive fuzzy logic method based on energy management strategy for HESS in electric vehicles application is discussed in [20] . In [21] , a multi-mode fuzzy logic based power allocator for HESS is proposed. The model predictive control (MPC) for the HESS is presented in [22] . In [23] and [24] , the sliding mode control technique is used to control the HESS. However, these above mentioned control algorithms are complicated to design.
Virtual impedance has been used in parallel-connected converters, and it can accurately distribute the output current [25] - [27] . This method can be applied in either AC microgrid or DC microgrid [28] . Comparing with the centralized control, the decentralized virtual impedance control, as its communication less characteristic, is more attractive [29] . However conventional virtual impedance control is only suitable for allocating the load power in steady state. An extended droop control approach has been proposed to obtain a decentralized power sharing between battery and SC with different dynamic responses based on the concept of virtual output impedances in [30] - [33] . However, this method is only applied in DC microgird and neglects the control of distributed energy resources.
In this paper, an energy management and coordinated control strategy is proposed for islanded AC microgrid with HESS. Considering the energy relationship of supply (PV, battery) and load demand, PV system works in MPPT or LPT mode, which protects the battery from overcharging. Meanwhile, the load shedding control protects battery against over discharging. A simplified and effective control method based on virtual impedance for parallel-connected three-phase DC/AC inverters is presented to achieve power sharing between battery and SC. The terminal voltage of SC recovers to its initial value and AC bus voltage maintains constant during system power changing.
Following the introduction, the microgrid configuration is presented in Section II. In Section III, the proposed power management method and operation modes are discussed. The control strategies of front-back stage converters are presented in Section IV 4 and V. In Section VI, the load shedding control is introduced. The simulation results under typical working conditions are demonstrated in Section VII. The last section draws the conclusions of this paper.
II. CONFIGURATION OF PV/HESS MICROGRID
A typical system configuration of AC microgrid is shown in Fig.1 , which consists of PV, battery, SC, various loads and utility grid. The microgrid is connected to the utility grid through switch, which can operate in either grid-connected mode or islanded mode. In this paper, only the islanded mode is discussed. PV is connected to the DC link through a boost converter. HESS comprising battery and SC is interfaced to the DC link through their respective bidirectional DC/DC converters. The goal of the employed HESS is to divert the transient current from the battery to SC, and thus the battery stress is reduced accordingly. All units are connected in parallel to an AC bus by using three phase voltage source inverters. The loads includes critical load and non-critical load, which are connected by a solid state switch. The energy management system (EMS) is responsible for the control of the front-back stage converters of PV, the front-back stage converters of the HESS, and the load shedding. 
III. POWER MANAGEMENT AND COORDINATED CONTROL STRATEGY OF PV/HESS MICROGRID
A coordinated control strategy with energy management deals with all possible operating modes considering the relationship among the PV, the HESS and the load. The lower limit of battery SOC min and its upper limit SOC max are set to avoid over charge or over discharge. The terminal voltage of SC is discussed in the next section. P pv is the output power of PV system. P load represents the load power. Then, the power management and operation modes are described as a flow chart in Fig.2 .
Scenario 1: P load > P pv and SOC>SOC min . Since the load power is greater than the PV power, PV is always operated at MPPT mode. In this condition, the battery supports the total deficit power mismatch between the PV generation and load. The transient power is supplied by the SC.
Scenario 2: P load > P pv and SOC≤SOC min . In this case, PV generation is operated at MPPT mode. When the battery SOC exceeds its lower limit, it suspends to supply power. Then the load shedding is initiated to realize the continuous service to critical load. Scenario 3: P pv > P load and SOC≥SOC max . Since the PV power is more than the load requirement, the battery SOC hits its high limit and is unable to absorb power, the MPPT mode is disabled and PV power should be curtailed. Therefore, PV is operated in LPT mode and its output power is reduced according with load power to avoid overcharging of the battery.
Scenario 4: P pv > P load and SOC<SOC max . In this mode, the excess power from PV is stored in the battery, while the PV still remains MPPT mode until the battery SOC reaches its higher limit.
IV. CONTROL STRATEGY OF PV CONVERTERS A. CONTROL STRATEGY OF FRONT STAGE CONVERTER
Since the terminal voltage of PV array is low, a boost converter is selected as the front stage DC/DC converter of the PV system. According to the input states including the battery SOC, the load power, the output voltage and current of PV, the PV is operated at MPPT mode or LPT mode by controlling the boost converter. The control block diagram is shown in Fig. 3 .
The PV power P PV is expressed as where U PV and I PV are the PV output voltage and current, respectively. The incremental conductance (INC) method is used to apply MPPT because of its simpleness and effectiveness. At the maximum power point, the derivative of the PV power versus voltage is zero [34] .
The recursive algorithm for the voltage at the maximum power point can be described as follows
where k is sampling interval and k 1 is a constant. A variable step algorithm is proposed based on the INC method. The MPPT algorithm can be expressed as (4) , shown at the bottom of this page, where, U and I are the voltage and current difference between the present and the previous sampling interval respectively. ε 1 , ε 2 , a and b are the set thresholds.
The flowchart of the variable step INC MPPT algorithm is shown in Fig. 4 .
In LPT mode, the PV power should be equal to the load power.
The voltage reference is carried out as
where K is a step factor. 
B. CONTROL STRATEGY OF BACK STAGE INVERTER
The control goal of the back stage inverter of PV is to output corresponding power according to the specified value of the front stage converter. It is the DC link voltage that reflects the power balance among sources and sinks. Therefore, the power balance in the system is achieved by maintaining DC link voltage constant. Therefore, the U dc /Q control is used to achieve the constant DC link voltage. The implementation of control strategy for PV inverter is shown in Fig.5 . The DC/AC converter has double-loop control structure. The outer loop is responsible for the DC link voltage and reactive power control. The inner loop is active current and reactive current loop, which controls converter output voltage by PI controllers in d-q synchronous reference frame. A software phase-locked loop (SPLL) is used to calculate the phase of AC bus. The three phase AC bus voltage e a , e b , and e c are generated by the main controller of HESS. The voltage equations with PI controller are written as follows (8)
V. CONTROL STRATEGY OF HESS CONVERTERS A. CONTROL STRATEGY OF FRONT STAGE CONVERTER
The control goal of the front stage converter is to ensure the stability of DC link voltage for the respective DC/DC converters of HESS. The charging and discharging function needs to be provided to realize the balance of energy supply and load demand in the microgrid. According to the control target, the double closed-loop structure is adopted. The outer loop is DC link voltage control, while, the inner loop is charging and discharging current control. Fig.6 shows the control block diagram of bidirectional DC/DC converter.
B. CONTROL STRATEGY OF BACK STAGE INVERTERS
If the microgrid is operated in island mode, the frequency and voltage magnitude should be maintained to their FIGURE 5. DC/AC converter control strategy for PV. VOLUME 7, 2019 specific values [35] , and the power demands should be dispatched properly among the distributed generators. In this paper, the master-slave control mode is adopted. The energy storage system, as the main source, provides voltage and frequency reference to the PV and load in the microgrid. Therefore, the voltage frequency (V/f) control is adopted for the back stage inverters. The implementation of the proposed control strategy is shown in Fig.7 , which consists of four parts: virtual impedance (resistive and capacitive) loop; SC terminal voltage restoration; voltage secondary controller and voltage/current double loop.
1) POWER SHARING BASED ON VIRTUAL IMPEDANCE
The main objective of HESS is to reduce the change rate of battery current during sudden power fluctuations. Thus, the power allocation at different time scale is required. To realize this target, an extended control strategy is proposed by introducing the virtual impedance into the conventional V/f control.
It is generally considered that the capacitor exhibits a short circuit characteristic at high frequency and an open circuit characteristic at a low frequency. Because of the above characteristics, a virtual capacitor C V with high power density is used in a SC control loop to compensate transient fluctuation. A virtual resistor R V is used in a battery control loop with FIGURE 7. Control structure of the proposed extended control strategy for HESS.
high energy density to provide steady state power slowly. The proposed strategy can realize power sharing in HESS with different dynamic characteristics. Fig.8 shows the equivalent circuit of two parallel inverters with virtual resistor and virtual capacitor. Because the three-phase AC voltage is transferred into DC value in d-q synchronously rotating reference frame, the power sharing principle can be analyzed by means of DC signals. The voltage-current relationship of each inverter is established by a two-terminal Thevenin equivalent circuit as follows The HESS is used to compensate power mismatch between load and PV. The current relationships are expressed as (10)
The current division formulas of the parallel impedances between battery and SC are derived by (11) , as shown at the bottom of this page.
Equation (11) is rewritten in the second-order system form as follows Fig.9 shows the step responses of the battery current and SC current when the load current has a step increase. It can be seen that the load current is properly shared based on the virtual impedance. The SC current responds immediately Step responses of the current (ζ = 0.7, ω n = 5).
and supports the transient value. Whereas, the battery current increases slowly and gradually reaches its steady state value.
2) SC TERMINAL VOLTAGE RESTORATION
As the component of HPF, the SC terminal voltage is restored to its nominal value. The voltage-current relationship in (9) can be modified by (13)
Equation (13) is arranged as follows
The error between output voltage and nominal value is controlled by integrator. Hence (15) According to (9) and (15), it yields
where t s and t e are the start and end time of transient. Therefore, the terminal voltage of SC u sc is described as follows
Equation (17) shows that the terminal voltage of SC can converge to nominal value automatically.
3) VOLTAGE SECONDARY CONTROLLER
In addition, the disadvantage of virtual impedance method is the voltage deviation. To solve this problem, the secondary control is used to recover the decreased output voltage that caused by the added virtual impedance [28] , [29] , [36] . The secondary controller calculates the correction term of δV by PI controller, and feed-forwards this term to each converter to increase their output voltage. The PI controller for AC bus voltage restoration is expressed as
where K pbus and K ibus are proportional and integral gains of PI controller, U dqref and U dq are the reference value and the measured value of AC bus voltage respectively. The fourth part of the voltage current double loop has the very same structure as Fig. 5 .
VI. LOAD SHEDDING CONTROL
When the sum of the maximum output power of PV and the maximum output limit power of the battery is still less than the load demand, load shedding is inevitable. By switching off some of the non-critical load, it can ensure the stable operation of microgrid and the continuous power supply of the critical load. Therefore, in the case of insufficient power supply, over discharging can be effectively avoided. Considering possibilities of frequent switching in practical operating conditions, a scheme about load hysteresis control is designed. When the battery reaches the lower limit of discharge SOC min (20%), the switch is opened automatically (the switch state is 0) to remove some of the non-critical load. It is only when the SOC return to SOC mid (40%) that the load switch can be closed(the switch state is 1) and the load power supply is restored. The load hysteresis control is shown in Fig.10 . 
VII. SIMULATION RESULTS

A. MAIN PARAMETERS OF THE SYSTEM
An AC microgrid system (Fig.1) is simulated under various modes and conditions. All the components of the system are modeled in the SimPowerSystem of MATLAB/ Simulink. The main parameters for simulation study are listed in Table. 1. 
B. POWER SHARING SCENARIO
In the operation of microgrid, the power of PV and loads are different, the gaps between them are supported by HESS. Hence, the HESS plays the key role in the power balance of the whole system. The results in Fig.11 are the power sharing scenario in PV/HESS.
Suppose the solar irradiance changes from 800 to 1000 W/m 2 at t = 0.5s, and decreases to 900W/m 2 at t = 1.5s and increases to 1000 W/m 2 again at t = 2s. The output power of PV, following the MPPT strategy, changes from around 60 to 80kw at t = 0.5s, decreases to around 70kW at t = 1.5s and increases to around 80kW at t = 2s accordingly ( Fig.11(a) ). The variation of load power is shown in Fig.11(b) . At t = 1s, the load power is decreased from 100kW to 50kW and returned to 100 kW at t = 2s. Fig.11 (c) depicts the power allocation of battery and SC during the variation of system power. As it can be seen from Fig.11(c) , during 0-0.5s, the output power of PV is not sufficient to meet load demand, the deficit power of around 40kW is supplied by battery. During 0.5-1s, the discharging power of battery is decreased around 20kW due to the increase of PV output power. At t = 1s, the load steps down and the PV power is greater than the required load power, meanwhile battery has the capability to absorb the surplus power, therefore, battery changes to charging mode with around 30kw charging power during 1-1.5s and 20kW during 1.5-2s based on power balance. When the load increases suddenly at t = 2s, battery is changed from charging mode to discharging mode. In this process, SC is only responded to transient fluctuation of power and its output power becomes zero while battery provides the demand power gradually to its steady state. During the whole process, PV works in MPPT mode and the SOC of battery is always maintained in the preset operation range (Fig.11(d) ). The terminal voltage of the SC is restored to its initial value with voltage restoration algorithm ( Fig.11(e) ). This enables the SC to preserve the responsiveness of charging and discharging. The DC link voltage almost keeps constant at 800V even when the system subjected to a step change in load (Fig.11(f) ). The smooth restoration of the AC link voltage is observed and the three-phase phase voltage peak value (311V) of the DC/AC converter is shown in Fig.11(g) . Hence, the efficiency of power sharing and the voltage restoration function of proposed EMS are verified.
C. BATTERY SOC UPPER LIMIT SCENARIO
In Fig.12 , the operating results are shown when the SOC of battery reaches SOC max (90%). Suppose that the solar irradiance is 1000 W/m 2 and keeps constant, the initial load power is 40kW and increases to 100kW at t = 2s.
At the beginning, PV is operated in MPPT mode and its output power is about 80kW, greater than the load power. The battery absorbs excess power about 40kW and its SOC increases gradually and then reaches its upper limit (90%) at about t = 0.9s, the battery cannot be charged continually at this state. Therefore, PV is accordingly switched from MPPT mode to LPT mode to share the load power of 40 kW (Fig.12(a) ). During LPT mode, the battery input power is zero and its SOC maintains 0.9 unchanged, as can be seen in Fig.12(c, d) . At t = 2s when the load power increases suddenly from 40 to 100kW and becomes higher than PV output power, PV changes back to the MPPT mode again (Fig.12(a) ), meanwhile the battery discharges to meet the load demands. As can be seen in Fig.12(c) and Fig.12(e) , in this process, SC can always provides transient power support, and its terminal voltage recovery is also achieved in the mean time.
D. BATTERY SOC LOWER LIMIT SCENARIO
The results in Fig.13 show that the operation scenario when the SOC of the battery drops to SOC min (20%).
The solar irradiance changes from 500 to 800W/m 2 at t = 0.5s and increases to 1000W/m 2 at t = 1.5s. Accordingly, PV works in MPPT mode and its output power changes from about 37 to 60kW at t = 0.5s and increases to 80kW at t = 1.5s, that is shown in Fig.13(a) . Load shedding and recoverying for non-critical load are shown in Fig.13(b) . The load power is 100kW at the beginning and it is greater than PV output power, thus, the battery discharges to supply load power together with PV system. the SOC of battery decreases gradually. At about t = 1.2s, the battery reaches its lower SOC limit (20%) and cannot continue to discharge. As a result, the load shedding control strategy is executed to maintain the power balance in the system. After the non-critical load is cut off, the battery is charged again and SOC began to rise because the load power is less than the PV power. At about t = 2.5s the SOC rises to 40%, the removed load is recovered successively as it can be seen from Fig.13(b, d) . In Fig.13(c) , the SC responds instantaneously to compensate the fast changing transient power demand, and the battery power changes slowly to deal with the steady-state power demand during the step change in load as well as the change in PV power. Meanwhile, the terminal voltage of SC is restored during the whole process ( Fig.13(e) ).
VIII. CONCLUSION
The energy management and coordinated control strategy for AC microgrid with HESS are proposed in this paper. The proposed methods take into account the multiple relations of energy flow among the battery, PV and load consumption. The control strategies of PV two-stage converters, HESS twostage converters and load shedding are presented. When the SOC of battery is within set threshold range, the PV works in the MPPT mode and the battery is charged and discharged according to the energy balance. When the SOC of battery reaches the upper limit, the PV system switches to the LPT mode and outputs the power according to the load demand in case of overcharging of the battery. When the SOC of battery reaches the lower limit, the system automatically removes the non-critical load according to the load control strategy and ensures that the SOC of battery operates within set threshold range. The use of the virtual resistor and virtual capacitance realizes power sharing in HESS. The SC supports transient power and the battery provides steady power changes during the sudden changes in load and PV generation, which ensures the less transient stress in the battery and increase the battery lifetime. The terminal voltage of SC is restored to its nominal value after a transient process with HPF. The second voltage control method maintains the voltage of AC bus constant. The simulation results validate the proposed EMS under normal as well as critical conditions.
